We study finite temperature (T ) properties of the continuum quantum field theory of systems with a ferromagnetic ground state. A scaling theory of the T = 0 system is discussed carefully, and its consequences for crossovers between different finite T regimes in dimensions 1, 2, and 3 are described. The results are compared with recent NMR measurements of the magnetization of a quantum Hall system with filling factor ν = 1; we predict that the relaxation rate 1/T 1 of this system may have a finite T "ferromagnetic coherence peak".
The recent availability of nuclear magnetic resonance (NMR) measurements [1] of quantum Hall systems has opened a new window onto the magnetic properties of a strongly correlated two-dimensional electronic system. Initially, the filling factor (ν) dependence of the zero temperature (T ) magnetization in the vicinity of ν = 1 attracted attention because it indicated that the low energy charged excitations of the system were spin textures (skyrmions) [2] [3] [4] . In this paper, we examine instead the T dependence of the magnetic properties exactly at ν = 1 [5] . We use a continuum quantum field theory of a ferromagnet as a model and describe its finite T properties. From a field-theoretical perspective, some features of this quantum field theory are rather unusual and lead to a noteworthy universality in the crossover functions. We will consider all values of the spatial dimension d > 0, although the regime of validity of the continuum limit becomes larger as d is lowered and it is most useful for d ≤ 2. Our theory can also be applied to other low-dimensional ferromagnets (like the ferromagnetic layer of 3 He on Grafoil [6] ) but we will limit our discussion here to the quantum Hall system. Some limitations of the model as applied to the quantum Hall effect will also be discussed.
The required quantum field theory is obtained from the naive continuum limit of the coherent-state path integral of an insulating, lattice ferromagnet:
Here n(x, τ ) is the 3-component unit vector field identifying the local orientation of the ferromagnetic order (it is periodic in the Matsubara time τ ), and M 0 ≥ 0 is the magnetization per unit volume in the ferromagnetic ground state. The first term in L 0 is the kinematical Berry phase [7] which accounts for the commutation relations between the components of the order parameter; A is the vector potential of a unit Dirac monopole at the origin of spin space with ǫ ijk ∂A k /∂n j = n i , ρ s is the ground state spin stiffness, and H is the magnetic field; L 1 contains local higher-gradient terms, with no time derivatives, that will be discussed [8, 3] , where ℓ B is the magnetic length.
In the experiment of Ref. [1] , H ≈ 2K (note that g ≈ 0.5 in GaAs), while we estimate that
Since , and the scale ξ 0 shows up naturally in the quantum theory [9] ; for example, it is likely that the commutation relations for the spin density operators are smeared over the scale ξ 0 (a similar effect occurs in the quantum Hall system as a result of restriction to the lowest Landau level), and that the correlation length is never less than ξ 0 .
In determining the applicability of the CQFM to a real system, we must consider a renormalization group (RG) analysis. There is a fixed point at M 0 = 0, and the terms in L 0 are the most relevant perturbations. This can be seen by simple power counting:
under a rescaling x → e −ℓ x, τ → e −zℓ τ (with z = 2 so that the long wavelength spin wave dispersion is invariant), we find that M 0 has dimension d (corresponding to its −d 
all such terms are irrelevant. To go beyond power-counting requires a diagrammatic RG which will be described elsewhere; the results include an RG reinterpretation of earlier spin wave calculations in d = 3 [10] and d = 2 [11] . At T = 0, the power-counting flows for the couplings in L 0 are exact, but these couplings do generate a term in L 1 , λ(∂ a n i ∂ a n i ∂ b n j ∂ b n j − 2∂ a n i ∂ b n i ∂ a n j ∂ b n j ), associated with spin wave scattering; this is described by the RG flow with more familiar field theories, is due to the fluctuationless fully-polarized ground state, so that contributions come only from scattering of already-existing spin waves (similar to the dilute Bose gas [12] ), and to the rotational symmetry requirements.
For d < 2, these considerations imply that all observables should be universal functions of the bare couplings M 0 , ρ s and H, realizing a no-scale-factor universality similar to that discussed in Ref [12] for the dilute Bose gas in d < 2. Scaling forms can therefore be deduced from a naive dimensional analysis of the length and time scales in the CQFM; for the free energy density F we obtain associated with other relevant couplings, will be necessary in a generalization of (2).
We now consider the different T regimes of the CQFM, ignoring L 1 , so this will be universal for d < 2 and marginally so for d = 2. Ref [13] . It is the high T limit of the CQFM. One may interpret the behavior here as the response of the M 0 = 0 system with zero Hamiltonian to a finite size, 1/T , along the time direction. Ref [13] also suggested that, for S = 1/2, T max is large enough for the square lattice ferromagnet to exhibit QC behavior.
In d = 1, Nakamura and Takahashi [14] have studied the magnetization of the spin S chain in the RC region, and their results are described by the CQFM. The expected scaling form is M = M 0 Φ M , where Φ M is a function similar to Φ F ; they find a scaling function, φ M , to which our function Φ M reduces in a limit appropriate for the RC region: In d = 2, the flow of λ is logarithmic, and universality at low T is violated by logarithms, unlike the situation in antiferromagnets [15] . As a result, the QC regime lies at the edge of where quasi-universality holds. However the logarithmic terms contain prefactors of powers of T at low T , and are absent in the leading low T behavior. The flow of λ, in particular, has been overlooked in previous analyses of d = 2 ferromagnets [16] .
Before turning to calculations of the scaling functions, we discuss other aspects of the d = 2 case more fully. For the CQFM in general in d = 2, a conserved topological current, defined and half-integral spin [17] ; (ii ) the Coulomb interaction
Hopf term is marginal, but since it contains a time derivative, it affects the quantization directly, and may change the dimension of the Hilbert space in a finite system. It will not affect the discussion of universality and its violation by logarithms, but it will change the precise scaling functions in general. The Coulomb interaction has dimension 1, so is relevant, though less so than ρ s , and in principle requires that an additional scaling variable appears in the scaling functions. However, both terms enter only through skyrmions which, in the large ρ s region, always have an energy > ρ s , and their contributions are exponentially small at low T . 
where q 1 > 1 is the solution of (q 1 − e −h/2 )(q 1 − e h/2 ) = q 2 1 e −8πr . Similarly we obtain from the O(∞) theory:
where q 2 > 1 is the solution of (q 2 − e −h )(q 2 − 1)(q 2 − e h ) = q we have QA behavior with Φ M − 1 ∝ e −h . At larger T we have RC behavior described by the scaling function of Ref [19] ; in the SU(∞) theory we can obtain this function from (3): 
in the SU(∞) theory (with q 1 defined below (3)) and
in the O(∞) theory (with q 2 defined below (4)). A plot of these results for 1/T 1 is shown in Fig 3 as a function of T /ρ s for some values of ρ s /H. The most notable feature is the "ferromagnetic coherence peak" which signals a crossover between the QA and RC regimes.
This becomes clear from the asymptotic behavior for ρ s ≫ H. In the low T , QA regime we
for O(∞)). In contrast, in the RC regime, 1/T 1 decreases exponentially fast with increasing
2 for SU(∞) and Φ T 1 = e 4πr/3 /4πr 2 for O(∞)) due to the rapid decrease in the ferromagnetic correlation length; this behavior of 1/T 1 is similar to that observed in the RC region of d = 2 quantum antiferromagnets [20] . Finally in the large T QC region we find 1/T 1 ∼ const (Φ T 1 = 1/4r for SU(∞) and Φ T 1 = 1/3r for O(∞)). Notice from Fig 3 that the coherence peak survives even for moderate values of ρ s /H, though it may be absent for ρ s /H sufficiently small. We emphasize that for ρ s /H large, this peak is not dependent upon a large value of T max , as it occurs at the crossover between the low T QA and RC regimes.
Nontrivial textures (skyrmions) exist, and the Hopf and Coulomb interaction terms can be included, for all N in both the SU(N) and O(N) models, but have no effect in the N → ∞ limit. While agreement with the quantum Hall experiments [1] is fair, at this point it is not clear whether the differences between theory and experiment are due to these effects, other differences between N = ∞ and N = 2 or 3, the possibility that T max is small, or the uncertainty in the value of ρ s . More complete measurements of the T dependence of 1/T 1 , particularly in samples with a larger ρ s /H, could help answer these questions.
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